ABSTRACT: Betanodaviruses, the causative agents of viral nervous necrosis in marine fish, have bipartite positive-sense RNA genomes. Because the genomes are the smallest and simplest among viruses, betanodaviruses have been well studied using a reversed genetics system as model viruses. However, studies of virus-host interactions have progressed slowly because permissive hosts for betanodaviruses (basically larvae and juveniles of marine fish) are only available for limited periods of the year and are not suitable for the construction of a genetic engineering system. To obtain a model fish species that are not subject to these problems, 21 freshwater fish species were injected intramuscularly with a betanodavirus (redspotted grouper nervous necrosis virus) and tested for their susceptibility to the virus. Based on their responses, the tested fish were classified into 3 groups: 4 susceptible fish, 10 less susceptible fish, and 7 resistant fish. The susceptible fish, celebes rainbowfish Telmatherina ladigesi, threadfin rainbowfish Iriatherina werneri, dwarf rainbowfish Melanotaenia praecox, and medaka Oryzias latipes, exhibited erratic swimming and eventually died within 10 d post-inoculation. The virus was specifically localized in the brains, spinal cords, and retinas of the infected fish, similar to the pattern of infection in naturally infected marine fish. We believe that these susceptible freshwater fish species could act as good host models for betanodavirus-fish interaction studies.
INTRODUCTION
Betanodaviruses, members of the family Nodaviridae, are the causative agents of a highly destructive disease of hatchery-reared larvae and juveniles of a variety of marine fish. In some species, adult and mature fish have also been reported to suffer from the disease. The disease, designated viral nervous necrosis (VNN) when it was first described in 1990 (Yoshikoshi & Inoue 1990) , is also known as viral encephalopathy and retinopathy (Office International des Epizooties 2003) . VNN disease has spread to > 30 marine fish species from 14 families in the Indo-Pacific and Mediterranean regions, Scandinavia, and North America. The virus localizes in the brain, spinal cord, and retina of the affected fish. Affected fish exhibit erratic swimming patterns and a range of neurological abnormalities, including vacuolization and cellular necrosis in the central nervous system and retina (Munday et al. 2002) .
Betanodaviruses are nonenveloped, spherical viruses with a bipartite positive-sense RNA genome RNA1 (3.1 kb) and RNA2 (1.4 kb), which encode an RNA-dependent RNA polymerase (protein A) and the coat protein (CP), respectively (Schneemann et al. 2005) . Recently, we characterized a subgenomic RNA3 (0.4 kb) which encodes protein B2, a suppressor for post-transcriptional gene silencing (Iwamoto et al. 2005) . The viruses can be classified into 4 types, designated striped jack nervous necrosis virus (SJNNV), barfin flounder nervous necrosis virus (BFNNV), tiger puffer nervous necrosis virus (TPNNV), and redspotted grouper nervous necrosis virus (RGNNV), based on similarities in the partial RNA2 sequences (Nishizawa et al. 1997) . The host ranges of SJNNV and TPNNV are limited to striped jack Pseudocaranx den-tex and tiger puffer Takifugu rubripes, respectively, whereas BFNNV has been isolated from some coldwater species, such as barfin flounder Verasper moseri, Pacific cod Gadus macrocephalus, and Atlantic halibut Hippoglossus hippoglossus. RGNNV has a broad host range and causes disease among a variety of warm water fish species, particularly groupers and sea bass (Munday et al. 2002) .
Betanodaviruses have key features as model viruses, as is also the case with the insect alphanodaviruses (Ball & Johnson 1998) , the other genus of the family Nodaviridae. Betanodaviruses have one of the smallest genomes (4.5 kb in total) among the known viruses, which encode only 3 viral proteins (protein A, CP, and protein B2). Furthermore, a genetic engineering system has already been established based on a cDNAmediated infectious RNA transcription strategy (Iwamoto et al. 2001 (Iwamoto et al. , 2004 . Qualitative and quantitative analysis of virus multiplication is possible with betanodaviruses, using cultured cells (Frerichs et al. 1996 , Chi et al. 1999 , Iwamoto et al. 1999 , 2000 . However, studies of virus-host interactions have progressed slowly because of the limited availability of host fish. Betanodaviruses basically infect marine fish larvae and juveniles, which are only available for a few months of the year. Other experimental problems with marine fish species are their long life cycles, large bodies, and the difficult rearing conditions required, which preclude easy experimentation, and especially the use of genetic engineering strategies. In the present study, to overcome these problems, we have tested several small ornamental freshwater fish as model hosts for their susceptibility to RGNNV, which has the broadest host ranges among the 4 types of viruses (Nishizawa et al. 1997) .
MATERIALS AND METHODS
Virus and cells. RGNNV (SGWak97 strain, Iwamoto et al. 1999 ) was used in this study. The E-11 cell line (Iwamoto et al. 2000) was grown at 25°C in Leibovitz's L-15 medium (Invitrogen) supplemented with 5% fetal bovine serum.
Preparation of RGNNV virions. The virus was inoculated into E-11 cells, and the cells were incubated at 25°C for 3 to 5 d. The culture supernatants of the infected cells were harvested and mixed with 3 vol of 40% (w/v) polyethylene glycol (PEG 8000; Nacalai Tesque). The mixtures were incubated on ice for 1 h and centrifuged at 12 000 × g for 15 min at 4°C to sediment the progeny viruses. The sedimented viruses were suspended in extraction buffer (0.1 M Tris-HCl, 1 mM EDTA, pH 7.2) and stored at -80°C until use. Viral titers were quantified by determining the 50% tissue culture infective dose (TCID 50 ) ml -1 as described in Reed & Muench (1938) .
Intramuscular injection of freshwater fish. Twentyone freshwater fish species were purchased from local ornamental fish markets (Table 1) . Fish were maintained at 25°C throughout the experimental period, and fed daily with powdered dry flakes (TetraMin, TetraWelke). For intramuscular inoculation, the fish were injected with 5 µl of RGNNV (10 7.0 TCID 50 ml -1 ) suspensions using a microsyringe (Hamilton). As a positive control, sevenband grouper Epinephelus septemfasciatus, which is one of the most susceptible fish to RGNNV (Tanaka et al. 1998) , were similarly injected with the virus. Inoculated fish were monitored daily for 10 d for the appearances of erratic swimming (morbidity) and death (mortality).
Titration of viruses in fish brains. Brains were recovered from the dead or moribund fish. If fish were apparently healthy throughout the experimental periods, their brains were collected at 10 d post-inoculation. The brain samples were thoroughly homogenized with 500 µl of Hanks' balanced salt solution (Nissui), and the homogenates were passed through a 0.45 µm membrane filter (Advantec). Viral titers of the homogenates were quantified as described above.
Histopathology. Fish were immersed in Bouin's solution for 1 wk at 4°C and then soaked in 15% trichloroacetic acid for 1 wk at 4°C for decalcification. The fish samples were then embedded in paraffin and sectioned sagittaly to 8 µm. One of 2 consecutive sections was stained with hematoxylin and eosin (H&E), and the other was subjected to immunofluorescence staining with anti-SJNNV rabbit polyclonal antibody and fluorescein isothiocyanate-conjugated swine immunoglobulin raised against rabbit immunoglobulin (Dako), as described previously (Nguyen et al. 1996) . This anti-SJNNV polyclonal antibody has been shown to detect RGNNV (Iwamoto et al. 2004) .
RESULTS

Susceptibility of freshwater fish to RGNNV
The 21 freshwater fish species (Table 1) were intramuscularly injected with RGNNV and monitored for the appearance of erratic swimming as the clinical sign of VNN. Among the species tested, celebes rainbowfish, dwarf rainbowfish, threadfin rainbowfish, and medaka exhibited erratic swimming within 10 d after inoculation (Table 1) . Cumulative morbidity in celebes rainbowfish, dwarf rainbowfish, threadfin rainbowfish, and medaka was 90, 86, 40, and 76%, respectively. All the fish exhibiting erratic swimming after virus inocu- Table 1 . Characteristics of several freshwater fish species with respect to susceptibility to redspotted grouper nervous necrosis virus (RGNNV). Size: averaged body length. ES/Total: number of fish showing erratic swimming (ES)/total number of fish examined. Vacuolation: Samples were sectioned and used for H&E staining. All (+), 1 (+/-) or none (-) of the samples tested showed vacuolation in the central nervous systems and retinas. ND: not examined. FAT (immunofluorescence staining): Samples were sectioned and used for FAT. In celebes rainbowfish, threadfin rainbowfish, dwarf rainbowfish, and medaka, only fish exhibiting ES were used. Observed fluorescent signals covered approximately 80 to 90% (+++), 50 to 79% (++), 1 to 49% (+), or 0% (-) of the brain areas of the samples on average. Virus isolation: brain samples were collected from fish exhibiting ES. Numbers in parentheses are data obtained from fish not showing ES during experimental periods. Virus+/Total: number of fish from which the virus was isolated using cultured cells/total number of fish examined. Viral titer: data are means. -: viral titers below detection limits, which varied depending on experiment as well as fish species. TCID 50: 50% tissue culture infective dose lations eventually died within 3 to 5 d (data not shown).
No apparent clinical sign or mortality was observed in the other 17 species, though blue streak hap showed slow movements for a few days, but finally recovered from erratic swimming during the experimental period. All of the sevenband groupers inoculated with RGNNV showed apparent clinical signs, and some of these fish died within 10 d.
To know whether the virus multiplied in these erratically swimming fish and did not propagate in the others, inoculated fish were examined by immunofluorescence staining (FAT). In the 4 susceptible species (celebes rainbowfish, dwarf rainbowfish, threadfin rainbowfish, and medaka), strong fluorescence signals, indicative of the presence of the virus, were obtained in the brains, spinal cords, and retinas (Table 1, Fig. 1 ). Although similar neurotropism of the virus was observed in golden mbuna, Siamese fighting fish, climbing perch, blue streak hap, and guppy, the signal intensity was much lower than that in the 4 susceptible species. No evidence of virus multiplication was obtained in bronze corydoras, goldfinned barb, goldfish, sailfin catfish, neon tetra, or zebrafish (Table 1) . Histopathologically, the affected sevenband grouper showed the typical vacuolation in the central nervous tissues and retinas. However, such vacuolation was not observed in any fish species tested except 1 positive threadfin rainbowfish sample (Table 1, Fig. 1 ). Angelfish, honey gourami, kenyi cichlid, pygmy gourami, three-spot gourami, and dwarf gourami were not tested histopathologically.
Virus multiplication in the brains
Virus multiplication was evaluated by the viral titers in the brains of freshwater fish injected intramuscularly with RGNNV (Table 1 ). Viral titers ranged from 10 8.8 to 10 10.2 TCID 50 g -1 brain tissue in the dead or moribund fish of the 4 susceptible species: celebes rainbowfish, dwarf rainbowfish, threadfin rainbowfish, and medaka (Table 1 ). The titers in celebes rainbowfish, threadfin rainbowfish, and medaka exceeded that in sevenband grouper, the originated host for RGNNV. Similar or slightly low viral titers were obtained in the surviving fish of these 4 susceptible species (Table 1) . The species that showed no clinical signs during the experimental period (angelfish, golden mbuna, siamese fighting fish, climbing perch, blue streak hap, guppy, honey gourami, kenyi cichlid, three-spot gourami, and pygmy gourami) gave titers from 10 6.1 to 10 8.6 TCID 50 g -1 brain tissue. In contrast, viral titers were below the detection limits in bronze corydoras, dwarf gourami, goldfinned barb, goldfish, sailfin catfish, neon tetra, and zebrafish (Table 1) .
DISCUSSION
In the present study we tested 21 ornamental freshwater fish for susceptibility to RGNNV and demonstrated that 4 of these, i.e. inoculated celebes rainbowfish, dwarf rainbowfish, threadfin rainbowfish, and medaka, showed erratic swimming followed by death as was originally observed in marine fish species. In these freshwater fish, the virus was localized in the brains, spinal cords, and retinas. Another 10 species tested in our study had low levels of virus multiplication in the neural tissues without showing clinical signs of infection. Although betanodavirus infection has recently been reported in cultured freshwater fish, including guppy and sturgeon Acipenser gueldestaedi, the infected fish in these studies survived for a long time despite the fact that they exhibited clinical signs (Hegde et al. 2003 , Athanassopoulou et al. 2004 . Furthermore, in the former study, the healthy guppy inoculated experimentally with the RGNNV type virus, isolated from diseased guppy, did not show any clinical signs (Hegde et al. 2003) . These data support our observation that guppy was less susceptible to RGNNV.
According to the phylogenetic tree of the freshwater fish used in this study, the fish are classified into 3 series: Otophysi, Smegmamorpha, and Perciforpha (Fig. 2) . Interestingly, the Smegmamorpha series is comprised of all the susceptible fish and 1 less susceptible species (guppy). The Perciforpha includes all the less susceptible fish, except guppy and 1 resistant species (dwarf gourami). Finally, the Otophysi is comprised exclusively of the resistant species. These data indicate that, basically, freshwater fish species in the same series have similar susceptibilities to betanodaviruses since most of the tested species which belonged to the Smegmamorpha were susceptible. Thus, there seem to be other susceptible freshwater fish species in the Smegmamorpha. This information should be useful to prevent or control future VNN outbreaks in freshwater fish. The marine fish, recognized as permissive hosts for betanodaviruses, belong mainly to the Perciforpha (Munday et al. 2002) , in which no susceptible freshwater species were found in this study. This discrepancy in betanodavirus susceptibility observed between freshwater fish and marine fish remains to be addressed. However, one possible explanation is that the freshwater fish with a low level of susceptibility to RGNNV at their adult stages are susceptible to it at their larval or juvenile stages similar to marine fish hosts. Viral inoculations of larvae or juveniles in these less susceptible species as well as the susceptible species using an immersion method may give insight into the discrepancy.
Generally, histopathological features, characterized by vacuolation of the central nervous system and retina, have been observed in VNN-affected marine fish (Munday et al. 2002) . However, in virus-infected freshwater fish, no obvious lesions were observed in the central nervous system or retina, except in 1 threadfin rainbowfish sample, even though high levels of viral accumulation were observed in these tissues (Table 1, Fig. 1 ). Therefore, we conclude that the occurrence of erratic swimming in freshwater fish does not necessarily require obvious lesion formation such as vacuolation. Instead, some invisible histopathological abnormalities may have occurred in the target tissues of infected freshwater fish. Namely, the histopathology in the virus-infected freshwater fish may differ from that observed in affected marine fish. Alternatively, infected freshwater fish may die before showing vacuolation in the target tissues. VNNaffected larval striped jack Pseudocaranx dentex seldom showed vacuolation in the central nervous system or retina, although those tissues accumulated significant levels of virus (authors' unpubl. data).
In dwarf rainbowfish, threadfin rainbowfish, and medaka, the levels of virus multiplication in the brain were similar in the normal and erratically swimming fish (Table 1) . These results suggest that the appearance of erratic swimming is not controlled simply by the amount of virus in the brain, even though viral accumulation is a prerequisite for development of clinical signs. This apparent discrepancy may arise from the nonuniform viral accumulation in the brain. This hypothesis is supported by the fact that the patterns of viral antigens localized within the brain varied among the infected fish.
In the present study, celebes rainbowfish, dwarf rainbowfish, threadfin rainbowfish, and medaka were susceptible to RGNNV. Celebes rainbowfish, threadfin rainbowfish, and medaka, in particular, showed considerable morbidity rates and viral titers in the brains of affected fish. Therefore, these 3 species would appear to be good model fish candidates for betanodavirus infection experiments. Medaka has been used as a vertebrate model for various studies involving embryology, neuroembryology, pharmacology, toxicology, genomics, etc. (Ishikawa 2000 , Wittbrodt et al. 2002 . Furthermore, fundamental experimental techniques, reversed genetics, classical genetics, and breeding systems are already available for medaka. Such information and techniques would greatly facilitate the study of host factors for betanodaviruses. Rainbowfish are popular ornamental fish and were originally found in Australia, New Guinea, and Indonesia. They are easy to rear in small aquariums and have been used in ecotoxicology studies (Humphrey & Klumpp 2003 , Harford et al. 2006 . Although rainbowfish have not yet been recognized as vertebrate models, these fish seem to be good experimental hosts for betanodavirus studies because of their strong susceptibility to RGNNV (Table 1) . It remains to be seen whether rainbowfish are suitable for the construction of genetic engineering systems. Collectively, medaka and rainbowfish, which are not subject to many of the problems in marine fish hosts, appear suitable for extensive studies of betanodavirus-fish interactions.
We will further investigate the susceptibility of these fish species to the other 3 types of betanodaviruses, SJNNV, TPNNV, and BFNNV, to evaluate the suitability of these fish for host-specificity studies.
